We describe the evolution of a water drop saturated with NaCl and the growth of pure water droplets in a breath figure pattern (BF) condensing around it. This salty drop acts as a humidity sink, inhibiting the BF inside a ring at a distance r = δ from the sink center and slowing down BF growth outside the ring. The initial salty drop is taken either from a salt-saturated solution (type I experiment) or by placing an NaCl crystal on the substrate (type II experiment). The results are similar, provided that the initial time for type II evolution is taken at the end of the crystal dissolution. The evolution of the salty drop radius R is deduced from the establishment of a three-dimensional hyperbolic concentration profile around the salty drop. This profile scales with r/δ. Accounting for the salt concentration decrease with salty drop growth, R is seen to grow as t 5 . In the region r > δ, water droplets nucleate and grow. The rate of evolution of the water droplets at constant r/δ can be used to determine the local water pressure. The corresponding data reasonably agree with a hyperbolic water vapor profile around the salty drop. These results can be applied to the growth of BF patterns to determine whether hyperbolic or linear water vapor profiles apply.
I. INTRODUCTION
When water vapor condenses on a substrate, a droplet pattern usually known as a breath figure (BF) emerges. This phenomenon is ubiquitous in nature, as in the case of dew on plants, and plays an important role in many areas of fundamental and applied sciences. Some examples are textured surfaces [1] , superhydrophobic surfaces [2] , dew formation [3] , and surfaces for improving heat transfer [4] . For these applications a detailed knowledge of nucleation and droplet growth is critical. The preliminary research on BFs dates back to the work done by Aitken, Rayleigh, and Baker during the years from 1893 to 1922 [5] [6] [7] . Many fundamental laws of nucleation and growth of BFs have been identified based on Beysens' group studies [3] , where very characteristic regimes have been evidenced. After an initial nucleation on surface defects, the growth of isolated droplets proceeds as t 1/3 (t is time). Growth then follows a self-similar growth behavior (∼t) induced by regular droplet coalescence, with constant drop surface coverage. In a further, and not well understood, final stage, new droplets nucleate between large drops, following the same growth behavior just described.
Individual droplets show a zone of influence, an area surrounding the drop within which it incorporates all molecules. The growing drop is a sink for molecules, so that the nearsurface concentration of molecules within its zone of influence is reduced and the probability that new drop nuclei will form is reduced or eliminated.
Although the water vapor concentration profile is the key parameter that controls growth of the drops, to date there are no measurements reported of this quantity. We * Present address: Instituto de Investigaciones en Materiales, UNAM. Cd. Universitaria, Del. Coyoacán, CP 04510, México DF, México.
† wens@unav.es address this problem in this article by evaluating indirectly the concentration profile from the evolution of a water drop saturated with NaCl (from a solution or from condensation on a crystal), which acts as a controlled humidity sink, and from the evolution of the BF pattern formed around it. The paper is organized as follows. In Sec. II we provide a critical review of current theories concerning the growth of a single drop or an assembly of drops on a surface. Our experimental methods are given in Sec. III, followed in Sec. IV by our observations. In Secs. V and VI, the evolution of the salty drop and the region of inhibited condensation around it are discussed. In Sec. VII the evolution of BFs are analyzed, and in Sec. VIII the water concentration profile around the salty drop is evaluated. The results are then generalized to the growth of a drop pattern on a surface in Sec. IX.
II. BACKGROUND

A. General
In order to describe the growth mechanism of a single drop, a number of analytical models have been developed. Let us consider an immobile drop (radius R) that grows by incorporation of the diffusing water vapor molecules (monomers) around it. The concentration of monomers n(r,t) must obey the following equation (t is time and r is the distance to the drop center):
Here D 0 is the diffusion coefficient of the monomers. The drop radius evolution follows a growth equation, where j is the flux of monomers per surface area and V is the drop volume:
The monomer flux is expressed as
The problem governed by Eqs. (1) and (2) is known as a Stefan problem with a moving boundary at r = R(t). Analytical solutions are rare. For the present problem one assumes a growth slow enough, as in Eq. (1), such that the time dependence of n can be neglected (a quasistatic approximation). Thus Eq. (1) reduces to the following Laplace equation:
Its solution has to fulfill the boundary conditions. At the drop surface the concentration n 0 corresponds to the saturation pressure. At infinity is assumed either a constant monomer concentration n ∞ , corresponding to the supersaturation, or a constant flux of monomers.
B. 3D gradient
For a single sessile drop on a surface kept at constant temperature, a simple way to solve the problem is to assume an inverse process to evaporation. This evaluation has been performed by Picknett and Bexon [8] and Sokuler et al. [9] . It is implicitly assumed that the probability of incorporating the monomers is uniform on the drop surface, which means that the latent heat of condensation is uniformly removed. Since the top of the drop is further from the surface than the perimeter region, such an assumption is true only for films or drops with low contact angle [10] , or when strong convective flows, triggered by buoyancy or thermocapillary forces, are present.
In a 3D space, Eq. (4) has a hyperbolic solution:
with boundary conditions n(r = 0) = n 0 and n(r → ∞) = n ∞ . The following growth law then can be derived from Eq. (2):
The integration of this equation gives the classical evolution:
C. 2D gradient
For near hemispherical drops in the absence of internal convection, the temperature gradient between the drop surface and the substrate is not uniform. The temperature gradient and thus the mass transfer is at a maximum at the perimeter of the drop. Growth should then mostly be due to the incorporation of monomers that diffuse on, or near, the substrate, tending towards the drop perimeter. A two-dimensional (2D) diffusive flux would thus be the dominant growth mechanism. The result is a quasi-2D water concentration gradient where the role of the diffusion of monomers on or close to the surface dominates the process. Equation (1) can be written, in the quasistatic approximation, as
By assuming a constant incoming flux ∞ of monomers at infinity,
Steyer et al. [11] found a logarithmic solution for Eq. (1):
Here A and B are determined by the boundary conditions. Mass conservation makes the flux of monomers at infinity and at the perimeter drop the same. Consequently, the growth equation (2) transforms into
The growth law that follows is then
For the same problem, assuming that around a drop (the "trap") there is a constant concentration of moving tiny droplets ("monomers") at infinity, Krapivsky [12] found a ln(t) modified growth law:
D. Hampered growth
Rogers et al. [13] studied the problem of the pattern of droplets that grow by surface diffusion of water molecules and that interact by coalescence. Coalescence events rescale the pattern and give a constant surface coverage during growth. Drops are thus always separated by a distance of the order of their diameter. The concentration gradient around them can overlap and the drops compete for growth. Rogers et al. used a mean-field approximation, where the competition between neighboring drops was replaced by an "effective medium," with an average concentration n m . Around each growing drop a boundary layer with length scale ξ was introduced and indicates the average distance from the perimeter of a drop over which the diffusion field is affected by the presence of the drop. The concentration gradient was hypothesized as being linear around each drop, with a typical length scale ξ . The flux of monomers into a droplet is then
The growth laws for R and ξ thus follow:
To solve the same problem, Beysens and Knobler [14] and Sokuler et al. [9] 
where α = 1/3. When accounting for coalescence events, the mean radius evolution of the droplet pattern is rescaled as R ∼ t 3α ∼ t, as shown by Viovy et al. [15] .
E. Thermal effects
As noted above in Sec. II C, surface diffusion is favored when the absence of convection produces a steady temperature gradient to settle in the drop. In contrast, volume diffusion should dominate when heat can be uniformly removed from the drop interface, as is the case for a film or for drops with a small contact angle or when convection is present. Convection is triggered by temperature gradients and can originate from buoyancy and/or thermocapillary effects. To evaluate the relevance of the former effect to convection, the Rayleigh number
is used. Here
is the thermal expansion of water at constant pressure p, g = 9.81 m s −2 is the earth acceleration constant, T is the temperature difference that triggers the instability, and L ∼ R is the typical distance over which T acts. ν = 1.3 × 10 −6 m 2 s −1 is the water kinematic viscosity, and D T = 1.4 × 10 −7 m 2 s −1 is the water thermal diffusivity. (All numerical data is from [16] .) The instability threshold in the classical Rayleigh-Bénard configuration (two infinite parallel plates with temperature difference T and separated by distance L) corresponds to the critical Rayleigh number Ra c ≈ 1700. For a drop of radius R 500 μm (the typical size of a salty drop in this work), convection would start only with an enormous temperature difference in the drop (1200 K). For smaller drops the temperature difference is even higher. Although the temperature gradients in a drop do not fit the classical Rayleigh-Bénard configuration and salty water does not have exactly the same parameter values as pure water, one can nevertheless conclude that buoyancy flows cannot contribute efficiently to the heat exchange in a water drop.
Another source of convection is concerned with thermocapillary flows, where the governing parameter is the Marangoni number:
In this expression, σ is the variation of the water-air surface tension with temperature
Pa s is the water dynamic viscosity. (All numerical data is from [16] .) For the same drop radius as above (500 μm), Ma 3 × 10 −3 T . With the critical Marangoni number Ma c 60, thermocapillary flows can start for temperature differences as small as 20 mK, thus ensuring an efficient heat transfer from the drop interface to the condensing surface and validating a 3D hyperbolic water pressure profile around the drop. Note that Ma ∼ R, such that smaller drops can be free of convection. However, heat and thus mass exchange may be still efficient at this small scale.
The fact that the drop is salty does not substantially modify the parameter values (σ and dσ dT
). This modification can be calculated according to the Raoult law with activity coefficients from Ref. [17] and is found to be negligible.
F. Region of inhibited condensation
When a drop grows, it creates around itself a circular region of lower supersaturation where new droplets cannot nucleate. We call δ the distance from the center of the sink to the edge of this region of inhibited condensation (RIC). The growing drop acts as a sink for condensing vapor and diffusing monomers. The fact that new droplets cannot nucleate between drops in the self-similar stage of growth is the hallmark of the presence of this water concentration gradient.
Detailed experimental and analytical studies on the dynamics of the BF on solid surfaces have already been performed [9, [11] [12] [13] 18, 19] . However, the studies of the dynamics of the inhibited condensation regime in the neighborhood of a single growing drop have been quite limited and have only been performed with an NaCl saturated drop, where the water vapor pressure is p s0 0.76p s . Here p s is the saturation pressure for pure water. Leach et al. [20] have observed that for an NaCl saturated water drop of radius 1.5-2.5 mm, δ/R = 7( T ) −0.7 , where T is the difference of temperature T between the substrate and the condensing vapor. Williams and Blanc [21] observed the RIC around an NaCl-saturated water drop when the substrate temperature T s was varying. They measured a variation of δ proportional to the supersaturation p s0 − p s (T s ). Schäfle et al. [22] investigated the dependency of δ on vapor flux and the wettability of the substrate.
All the studies enumerated above provided information about the dependence of the RIC on several physical parameters. However, experimental data is still lacking concerning the evolution of the salty drop and the shape of the water vapor concentration profile around it.
III. EXPERIMENT AND METHODS
The experimental setup consists of a hydrophobic substrate within a Delrin condensation chamber. A Peltier cell is used to cool the substrate to T s = (10 ± 0.5)
• C in all the experiments. In order to achieve a controlled atmosphere, four nozzles are used to stream humid nitrogen inside the chamber during the duration of the experiment. The chamber has a window on its upper side to observe the condensation phenomenon. The observation is performed with a reflection microscope. To monitor the temperature, two thermocouples are used. The first thermocouple is attached close to the area of observation, while the other thermocouple is attached to one of the nozzles in order to measure the ambient temperature in the chamber. A (165 ± 0.5) mL/min flux of nitrogen at 100% relative humidity at room temperature T = (23 ± 0.5)
• C is streamed into the chamber. The flux is controlled with a digital fluxmeter and leads to a laminar shear flow over the substrate [23] . (For more details about the procedure, see [24] .) The substrates are of ITO-coated glass, supplied by Visiontek Systems Limited (UK), with dimensions of 0.1 × 1.7 × l.8 cm 3 . These substrates, as received from the supplier, are cleaned with ultrapure water in an ultrasonic bath, rinsed several times with ultrapure water, and dried with pure nitrogen. The advancing and receding contact angles are measured by the sessile drop method. For pure water they are θ A =(93 ± 2)
• and θ R =(57 ± 2)
• , respectively. The advancing and receding contact angles for a salty drop saturated with NaCl are θ A =(92 ± 2)
• and θ R =(61 ± 2)
• , respectively. Two kinds of experiments were performed for this study. In the first type of experiment (I), a water drop saturated with NaCl of submillimeter size is placed on the substrate [see Fig. 1(a) ], R 0 = (370 ± 7) μm. The solution was made according [25, 26] . At standard temperature and pressure in 100 g of water, 37.5 g of sodium chloride was diluted in order to achieve a salt-saturated solution at T s = 10
• C. Once the humid nitrogen is directed to the drop and water vapor condensation starts, the salt concentration decreases in the drop. In the second type of experiment (II), a small NaCl crystal is placed at t = 0 s on the substrate. In Fig. 1(c) the apparent radius is 160 ± 8 μm. The crystal incorporates water vapor from the surrounding atmosphere and dissolves progressively into the condensed water. In Fig. 1(e) the process of completely dissolving the crystal lasts about 250 s, and the drop radius is then R 0 = (243 ± 12) μm, corresponding to the salt saturation, as for the drop in the type I experiment. Note that in the dissolution process, air is trapped in the drop and appears as a tiny bubble that progressively dissolves into the salty water. (For both experiments, the time origin for condensation is determined within 5 s.)
A complementary metal-oxide-semiconductor (CMOS) camera is attached to the microscope to periodically acquire images frames every 5 s. Because the advancing contact angles are 90
• , the 2D projection of the water and salty drops as seen in these images also represents the drop perimeter. Our setup allows a straightforward image analysis to be made via homemade routines written in OCTAVE and FORTRAN. To determine δ, we use the position of the salty drop and its size to transform the picture from Cartesian to polar coordinates. δ is then accurately determined by averaging, in all directions, the distance between the center of the salty drop and the place where BF starts. We also determine the radius ρ i of each BF droplet (i) from their surface areas. The surface area measurements are taken in annuli of width = 36 μm.
IV. OBSERVATIONS
In the type-I experiment, the BF condensation pattern, and thus the region of inhibited condensation, appears soon (around 35 s) after the stream of humid N 2 is applied onto the observable area. Figure 1(b) shows the BF at 2000 s. In this typical experiment, the initial value for the salty drop radius is R 0 = (369 ± 7) μm [ Fig. 1(a) ]. The evolutions of the drop radius R and the RIC length δ are shown in Fig. 2(a) . The drop radius evolution can be fitted to the following power law, with τ and a as adjustable parameters:
with R 0 imposed to 369.5 µm, we obtain a = 5.3 ± 0.01 and τ = (1000 ± 4) s (error: one standard deviation). For the type-II experiment, the BF condensation phenomenon appears around t = 125 s after the stream of humid N 2 is applied. At t = 250 s the crystal is totally dissolved and the RIC is observed. Further evolution is similar to the type-I experiment [ Figs. 1(e)-1(f) ]. The evolution of R and δ for this experiment is shown in Fig. 2(b) . We took as the initial time the instant when full dissolution of the crystal is observed. The drop radius fits well with Eq. (19) with R 0 as 310.9 μm, giving a = 4.98 ± 0.01 and τ = (300 ± 2) s.
The vapor pressure far from the salty drop (that is, at the border of the hydrodynamic boundary layer where air flow velocity reaches zero) is p ∞ = (2.8 ± 0.3) kPa, which corresponds to the saturation at T = (23.0 ± 0.5)
• C. It is worth noting that the RIC corresponds to the place where supersaturation reaches the limit for droplet nucleation. On a purely hydrophilic substrate, nucleation corresponds to the saturation pressure p s (=1.2 kPa for T s = 10
• C). On the hydrophobic substrate used here, a temperature difference of 1.5
• C) with respect to room temperature is needed to observe nucleation of water, corresponding to a supersaturation p ( 0.25 kPa) [27] . This corresponds to the water vapor pressure p 0 = p s + p ( 1.45 kPa). Note also that droplets preferentially form on nucleation sites, the density of which are not controlled and can vary on the substrate. Thus, a larger uncertainty results on δ than on R. A schematic water pressure profile around the salty drop is shown in Fig. 3 . 
V. SALTY DROP EVOLUTION
The salty drop grows by diffusion and incorporation of monomers. Figure 4 shows a schematic of the process. As discussed in Sec. II E, a 3D gradient forms around the drop in a diffusion layer above the substrate. The monomer concentration at infinity corresponds to the supersaturation pressure (p ∞ ). The saturation water pressure of the salty drop p ss varies during the drop growth due to water condensation. Initially, the water vapor pressure p ss = p s0 ( 0.76p s 0.91 kPa), corresponding to salt saturation. At late times it reaches the value for pure water, p ss = p s (=1.2 kPa for T s = 10
• C) (Fig. 3) .
The model that should apply, in the quasi-static approximation, is thus the 3D model, which leads to a hyperbolic concentration profile [Eq. (5)] with the following boundary conditions (in units of water vapor pressure): The solution is
The growth equation is thus as follows:
During growth, the salt concentration (and thus, the local supersaturation) decreases. This in turn modifies the water pressure gradient. We use the Raoult law to evaluate the variation of the saturation pressure with the salty drop radius. A detailed calculation is given in the Appendix and leads to the approximate variation
with the exponent b 3.3. In the limit of small concentration, a simplified expression corresponds to b = 3:
As b is not significantly different in both Eqs. (24) and (25) even for small times, we will make, for sake of simplicity, b = 3 in the following and use Eq. (25). Equation (23) 
012402-5 becomes
The standard way to solve this equation is to invert it and solve t(R). It easily reduces to the integral of R/(R 3 + constant), which can be put in terms of the arctan and log of algebraic functions. The solution can be found in classical handbooks, cf. e.g., [28] . Although it is not possible to invert the result analytically to obtain the evolution R(t), one can consider the asymptotic regimes.
At long times, the salty drop becomes highly diluted and the first term in the equation is dominant. The depletion zone is of the same order as in pure water. Equation (26) can be written
This reflects the classical evolution of Eq. (7), where
is recovered. When the drop is close to salt saturation, the second term R −3 in Eq. (26) is more relevant than the first term. Equation (26) becomes
the solution of which is 
If we take a = 5 and τ = R 
VI. REGION OF INHIBITED CONDENSATION
The RIC corresponds to the place where supersaturation reaches the limit that permits droplet nucleation, that is, p = p 0 . From the hyperbolic profile Eq. (22) the above condition can be written as
Using Eq. (25), it follows that
The variation of δ/R with respect to R/R 0 is shown in Fig. 7 for typical experiments of type I and II. When fitted to Eq. nucleation sites, a parameter which remains uncontrolled and can vary with each experimental set and sample.
Returning to the vapor concentration profile Eq. (22), we obtain
As a result, the profile around the salty drop should scale with δ. This is an important result that will be used in the next section to experimentally determine the vapor concentration profile from the growth rate of BF droplets in the region r > δ.
VII. BREATH FIGURES GROWTH LAWS
The growth law of water droplets outside the RIC depends on the local water supersaturation pressure. In the concentration gradient around the salty drop, a BF drop pattern will nucleate and grow only for p > p 0 , which corresponds to distances r > δ from the salty drop (Fig. 4) . In classical BF growth, the droplet radius evolution ρ(t) corresponding to various constant supersaturation p i = p i − p s can be rescaled on a unique curve ρ(t/t i ) with t i ∼ 1/ p i [29] . The droplet evolution in the BF pattern around the salty drop can then be used to determine the local supersaturation profile
However, a difficulty arises because the above growth laws correspond to a supersaturation that remains constant over time. In contrast, in the present configuration, the droplets evolve according to a time-dependent local supersaturation. In other words, supersaturation varies over time at constant r. However, based on Eq. (33), the concentration profile should scale with r/δ. The growth laws of BFs at given r/δ should correspond to constant supersaturation levels. The mean radius ρ of BF water droplets is then measured around the salty drop at distances r in the range r > δ in concentric annuli of thickness . And in fact, in Fig. 8(a) we see that the evolution at constant r/δ corresponds to what is currently observed for BF growth at constant supersaturation: the initial t 1/3 growth law is followed, when droplet coalescence dominates the process by a t growth. The various t 1/3 growth laws can be rescaled by times (t i ) such that they collapse on the same (t/t i ) 1/3 growth stage (Fig. 8) . Note that the further t 1 growth laws do not fit the rescaling well. This is due to the fact that the crossover time to the coalescence-dominated stage depends on the drop interdistance and then on the initial density of nucleation sites. The latter changes with each experimental set and sample, and remains mostly uncontrolled. Nevertheless, from the above rescaling by t i one obtains
VIII. CONCENTRATION PROFILE
The scaling or visibility inverse times 1/t i are thus then proportional to the local supersaturation p(r/δ) − p s :
where E is a proportionality constant. We make the assumption (which we hold to be reasonable) that the growth of the BF droplets does not appreciably modify the water vapor profile around the salty drop. The 1/t i data should therefore follow a hyperbolic variation with respect to r/δ. In Fig. 9 the 1/t i data fits
The data fits the above variation reasonably well, with E = 0.028 ± 0.002 and F = 0.9 ± 0.01 (type I, one standard deviation), E = 0.044 ± 0.001 and F = 1.16 ± 0.03 (type II, one standard deviation). The F value also agrees well between experiments types I and II, and the expected value for p ∞ −p 0 p ∞ −p s 0.71. The main source of errors is the uncontrolled density of nucleation sites, as already noted. As a matter of fact, the depletion zone is observed to shrink with time in a noncontinuous manner, leading sometimes to a stepwise evolution, as can be seen in Fig. 2 . It then results a kind of discontinuity, as can be noted in Fig. 9 .
IX. WATER DROPS
The characterization of a salty drop we have developed in this article can be applied both to the case of a single water drop as well as to a pattern of water drops.
The concentration profile around a pure water drop of radius ρ can be deduced from Eq. (22), where p ss has to be replaced by p s and R by ρ:
The definition of δ corresponds to p = p 0 . This gives
In the present experimental configuration, δ 1.6ρ. Let us now consider a pattern of growing droplets. When the droplet surface coverage 2 is large enough, coalescence events rescale the pattern such that 2 remains constant. The average droplet radius and the mean distance d between the drop centers ρ ∼ d ∼ t. Assuming for the sake of simplicity that the drops are set on a square lattice, we get
A relation can be found between 2 and θ for a smooth substrate [30] . This corresponds to the competition, during the coalescence of two drops, between the pinning forces at the contact lines (which resist to the drop motion) and the capillary forces (which move the drops). For large θ , the capillary force dominates, and the new drop that results from coalescence has the same geometry as the parent drops, with a small 2 . For small θ , the pinning force prevails and the new drop is irregular, with a large 2 . This relation can be written as (with θ in degrees)
From Eq. (39) we get
For the present experiment where θ = θ A = 93
• , the surface coverage is 2 ≈ 0.54, and as a result, d ≈ 2.4 ρ . Nucleation is not possible between drops when δ < d or
It is the case of the present experimental situation, where δ/ρ 1.6 < 2.4 ≈ d /ρ and nucleation of new droplets cannot take place. However, in the development of a BF pattern, at long times when drops are large, a new stage of growth is observed when nucleation of a new BF pattern starts between these large drops [3] . This renucleation phenomenon corresponds to the failure of the assumption of a mean linear vapor concentration profile directed perpendicular to the surface for the BF growth (see above, Sec. II D). In other words, the vapor profile of each drop no longer overlaps and nucleation of new droplets can occur between them. Equation (42) above thus gives the condition for the onset of this late stage of growth.
X. CONCLUDING REMARKS
The results reported above are concerned with the growth of a salty drop by water vapor condensation. We anticipate that detailed knowledge of this process and the determination of the growth laws for the drop radius and the region of inhibited condensation will be useful for any process where water and hygroscopic materials are involved.
From a more fundamental point of view, the interplay of the vapor profile around a salty drop and an assembly of water droplets makes apparent the different vapor gradients that can occur during dropwise condensation and their interplay when a droplet pattern is present. In particular, the growth rate data of the assembly of BF water droplets around the salty drop validate the presence of a hyperbolic profile around the salty drop and a mean linear profile above the water droplet pattern. The manifestation of the last stage of BF growth, when new tiny droplets can nucleate and grow between the large drops of the former self-similar stage, is well explained in this framework. It corresponds to the situation where the water vapor concentration profiles around the drops no longer overlap, which implies the failure of the assumption of a mean linear profile above the drop pattern. The time when this change occurs depends on supersaturation and the water-substrate contact angle.
